Age, intraocular pressure (IOP), increased optic disc cupping, central corneal thickness, and African ancestry are the most frequently identified independent risk factors for the development and progression of glaucoma,[@bib1]^--^[@bib7] the second leading cause of blindness worldwide.[@bib8] Lowering IOP is the only effective clinical treatment that has been shown to retard glaucoma onset or progression. However, patients may exhibit visual field deterioration despite IOP reduction,[@bib9]^,^[@bib10] and patients with epidemiologically defined normal IOP of \<21 mm Hg can also develop the disease.[@bib11] Hence, factors other than IOP are thought to contribute to individual susceptibility to glaucoma.

A large body of evidence suggests that disturbance in vascular perfusion plays a crucial role in glaucoma.[@bib11]^--^[@bib14] Ocular perfusion pressure (OPP) is defined as the ophthalmic artery blood pressure (BP) minus IOP; it is clear from this relationship that IOP and vascular perfusion are inseparably intertwined.[@bib15]^--^[@bib18] Large population-based studies have linked vascular factors to an increased prevalence of primary open-angle glaucoma and have determined that BP, OPP, and their variability or fluctuations are part of the complex etiology of this disease.[@bib1]^,^[@bib10]^,^[@bib19]^--^[@bib25] Specifically, low diastolic BP, low mean OPP, and low diastolic perfusion pressure (calculated by diastolic BP -- IOP) are independent risk factors for glaucoma prevalence[@bib1]^,^[@bib20]^,^[@bib21] and visual field progression.[@bib26]^--^[@bib29] BP and OPP fluctuations, such as the magnitude of the nocturnal OPP dip or the magnitude of daily OPP fluctuations, have also been shown to increase the risk of glaucoma and visual field progression in the disease.[@bib24]^--^[@bib36] Although most recent studies have found a link between BP and OPP and glaucoma, several have not found an association,[@bib37]^,^[@bib38] whereas others have found that vascular hypertension rather than hypotension is associated with glaucoma.[@bib30]^,^[@bib32] Some of this confusion may arise from variability in the methods used to calculate and measure BP or OPP, the times and frequency of measurement, the methods used to determine glaucoma prevalence and progression, and the length of patient follow-up. Although it has been well established in most studies that low BP and/or OPP are associated with glaucoma onset and progression, few studies have been done to characterize OPP fluctuations themselves using accurate ocular BP and IOP measurements.

Low OPP, which likely leads to poor ocular tissue perfusion, can be the result of low arterial BP and/or high IOP. Previous studies have relied upon snapshot measurements of both IOP and arterial BP, and the BP measurement is typically acquired in the brachial artery of the upper arm. Because these measurements do not track the fluctuations of BP and IOP continuously, OPP is interpolated between measurement time points, largely ignoring short-term fluctuations in IOP or BP over time. IOP can fluctuate as much as 10 mm Hg per minute in glaucoma patients,[@bib39] so snapshot measurements of IOP and BP do not accurately capture the dynamic nature of IOP, BP, or OPP. Also, the studies cited above that report "OPP" do not accurately measure true OPP because they assume the arterial BP measured in a peripheral artery to be equal to the BP in the ophthalmic or central retinal artery. Although the error associated with this approach has not been characterized, it is reasonable to assume that the BP in the ocular arteries will be somewhat lower than the BP in the brachial artery due to both smaller vessel lumen size and total perfused tissue mass.

To better understand the differences in OPP dynamics among individuals and how OPP dynamics change with time, we used a fully implantable wireless telemetry system to continuously record IOP and BP up to 500 times per second, 24 hours a day, in nonhuman primates (NHPs). NHPs have ocular features, vascular biology, and upright posture analogous to humans, making them the ideal choice to model ocular physiology similar to that of human eyes.[@bib40]^,^[@bib41] Using a novel calibration approach, we can accurately scale continuous BP measurements taken in the carotid artery, femoral artery, or aortic arch to the BP in the central retinal artery (CRA), which can then be combined with continuous IOP measurements to calculate accurate measurements of continuous OPP. The NHP model of glaucoma, coupled with continuous pressure telemetry should improve our understanding of ocular physiology, as well as glaucoma pathogenesis and progression, through accurate characterization of natural IOP, BP, and OPP patterns and changes. In this study, we characterize OPP fluctuations over 24-hour time scales across multiple days in 12 bilaterally normal NHPs to test the hypotheses that OPP differs between animals and that the diurnal cycle of OPP in NHPs is characterized by low OPP during sleep and higher OPP during waking periods.

Methods {#sec2}
=======

Animals {#sec2-1}
-------

Twelve eyes of 12 young adult male rhesus macaques, 4 to 7 years old and having no ocular abnormality, were used for the study. All animals were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research under a protocol approved and monitored by the University of Alabama at Birmingham Institutional Animal Care and Use Committee. There are three primary reasons why we used only male primates. First, the hormonal cycles of female primates have been shown to affect physiological processes, including those related to the variables of interest in our study. Second, male primates are easier to procure than females, as males are not in as high demand for breeding. Finally, National Institutes of Health (NIH) officially classifies primates as a "scarce research resource," and thus they are exempt from the NIH requirement that sex be considered. After implantation of the telemetric IOP and BP monitoring system, the animals were allowed to heal for at least 6 weeks prior to data collection. NHPs were kept on a 6 AM-to-6 PM light/dark cycle and fed at approximately 6 AM and 2 PM daily. Water was provided ad libitum via continuous feed. Food and water intake were not measured. The demographics of the animals are listed in the [Table](#tbl1){ref-type="table"}.

###### 

Animal Demographics

                                 Monitoring Period                           
  --------- ---- ----- --------- ------------------- ------------ ----- ---- ------------
  9028       OS    5     Aorta   3/1/2014            12/12/2014   228   7    Konigsberg
  9140       OS   4.5    Aorta   11/27/2013          6/17/2014    173   3    Konigsberg
  9160       OS   4.5    Aorta   11/27/2013          3/23/2015    399   1    Konigsberg
  0804025    OS   5.5    Aorta   11/27/2013          4/7/2015     412   2    Konigsberg
  150171     OS   6.5   Femoral  9/8/2017            7/2/2018     62    0    Stellar
  150152     OS    7    Carotid  8/24/2018           5/7/2019     189   1    Stellar
  150110     OD   5.5   Femoral  4/20/2018           2/12/2019    205   1    Stellar
  150069     OD    6    Femoral  6/16/2018           1/31/2019    119   10   Stellar
  12.38      OD   6.5   Carotid  10/5/2018           3/5/2019     94    2    Stellar
  13.171     OS   5.5   Carotid  12/22/2018          4/9/2019     59    16   Stellar
  13.86      OD   5.5   Carotid  1/24/2019           4/29/2019    62    2    Stellar
  13.106     OS   5.5   Carotid  12/14/2018          1/30/2019    38    0    Stellar

IOP/BP Telemetry Monitoring System {#sec2-2}
----------------------------------

We have developed and validated two fully implantable IOP/BP radiotelemetry systems---a Konigsberg fully implanted wireless telemetry system (Konigsberg Instruments, Pasadena, CA, USA) ([Fig. 1](#fig1){ref-type="fig"}) and the Stellar Implantable Transmitter (TSE Systems, Chesterfield, MO, USA) ([Fig. 2](#fig2){ref-type="fig"})---which allow continuous measurement of IOP and arterial BP up to 500 times per second for approximately 24 months. These telemetry systems measured IOP and arterial BP either continuously (Konigsberg; 500 Hz)[@bib39]^,^[@bib42]^--^[@bib46] or on a 10% duty cycle of 15 seconds out of every 150-second period (TSE Systems Stellar; 200 Hz).[@bib47] All animals underwent surgical implantation of the telemetry system, including bilateral IOP sensors and an arterial BP sensor placed in the lumen of the femoral, carotid, or aortic artery, as described previously.[@bib42]^,^[@bib47] IOP and OPP calibrations occurred every 2 weeks after an initial 6-week heal-in period as described in subsequent sections and our previous publications.[@bib42]^,^[@bib43] All data and associated time-synced video for calibration were captured using commercial data acquisition software (NOTOCORD-hem; Instem, Paris, France). Data were continuously collected 24 hours a day, 7 days a week, for the duration of the study, except on calibration days due to anterior chamber calibration effects on IOP.[@bib48] OPP was measured and recorded unilaterally in all 12 NHPs for periods of 38 to 412 days depending on the animal ([Table](#tbl1){ref-type="table"}).

![(**A**) Konigsberg bilateral IOP/BP total implant system, (**B**) close-up view of the IOP transducer and aqueous transduction tube, and (**C**) surgical placement of the IOP transducer in the orbital wall and the aqueous transduction tube in the NHP eye. Reprinted with permission from Markert JE, Jasien JV, Turner DC, Huisingh C, Girkin CA, Downs JC. IOP, IOP transient impulse, ocular perfusion pressure, and mean arterial pressure relationships in nonhuman primates instrumented with telemetry. *Invest Ophthalmol Vis Sci*. 2018;59:4496--4505.](iovs-61-6-7-f001){#fig1}

![(**A**) Stellar bilateral IOP/BP total implant system, (**B**) top view of the IOP transducer and integrated scleral baseplate, (**C**) side view of the IOP transducer and integrated scleral baseplate, (**D**) en face photograph of the piezoelectric IOP transducer in the anterior chamber, and (**E**) slit-lamp photograph of the intraocular placement of the piezoelectric IOP transducer in the anterior chamber relative to the cornea and iris. Adapted with permission from Jasien et al.[@bib47]](iovs-61-6-7-f002){#fig2}

Telemetric IOP Transducer Calibration {#sec2-3}
-------------------------------------

We have previously described the telemetric IOP transducer calibration procedure in detail[@bib39]^,^[@bib42]^,^[@bib43] and briefly summarize it here. To ensure that the data acquired were corrected for drift, transducer calibration was performed every 2 weeks for the duration of the study. Each animal was placed under 1% to 3% isoflurane anesthesia after initial induction with an intramuscular injection of ketamine/dexmedetomidine, and the implanted eyes were cannulated with a 27-gauge needle placed into the anterior chamber through the cornea at the limbus. The needle was connected to a bottle of sterile isotonic saline solution via a sterile infusion set, and the connecting tube was fitted with an in-line, digital pressure gauge (XPi; Crystal Engineering, San Luis Obispo, CA, USA) placed at the level of the needle insertion into the eye. The manometer-controlled IOP was set to 5 mm Hg and allowed to stabilize, and it was then raised in increments of 5 mm Hg from 5 to 30 mm Hg while telemetric and gauge IOP values were recorded and compared to quantify IOP transducer signal accuracy and drift at each stable pressure step. Raw IOP telemetry data were drift corrected via software postprocessing on a continuous basis using the 15-mm Hg calibration offset, assuming a linear, monotonic transducer drift between biweekly calibrations. Note that the transducers were linear; therefore, offset (transducer error) was similar at all calibration pressure steps.

OPP Calibration {#sec2-4}
---------------

Ocular perfusion pressure is defined as the arterial blood pressure within the eye relative to IOP (BP − IOP) and calculated directly from the continuous IOP and arterial BP telemetry data as described in our previous study.[@bib42] Briefly, calibrated OPP was calculated from the calibrated IOP telemetry data and the uncalibrated arterial BP telemetry data by relating CRA diastolic and systolic BP to continuous telemetric measurement of both IOP and remote arterial systolic and diastolic BP. By raising IOP via manometry and measuring the IOP levels at which momentary and full CRA collapse first occurred, CRA diastolic and systolic BPs were obtained relative to the telemetric BP measured at the same time ([Fig. 3](#fig3){ref-type="fig"}). Continuous, calibrated OPP was then calculated directly from the telemetric arterial BP and IOP data streams between OPP calibration exams as $$\begin{array}{rcl}
{\mspace{-3600mu} OPP} & = & \frac{\left( CRA\, systolic\, BP - CRA\, diastolic\, BP \right)}{\left( Systolic\, BP - Diastolic\, BP \right)} \\
\mspace{-3600mu} & & {\times \left( BP - Systolic\, BP \right) + CRA\, Systolic\, BP - IOP} \\
\end{array}$$where BP and IOP denote the continuous arterial BP and IOP telemetric data, respectively. The arterial systolic and diastolic BP values in Equation 1 were captured along with the CRA systolic and diastolic BP at the time of OPP calibration. This estimate of OPP was calculated directly from the IOP and arterial BP telemetry signals up to 500 times per second using arterial and CRA systolic and diastolic BP values as shown.[@bib14] Note that Equation 1 scales the arterial pulse pressure amplitude taken via telemetry in a remote large artery (aorta, carotid, or femoral) to the smaller pulse pressure in the CRA, accounts for the higher overall BP in the remote artery relative to the smaller CRA, and corrects for any drift or error in the telemetry BP transducer reading itself.

![(**A**) IOP is manually elevated while IOP and aortic BP are monitored via telemetry, and the optic nerve hypoplasia (ONH) is visualized in real time using the infrared image from the Spectralis OCT device. The ONH video image is slaved into the NOTOCORD-hem data acquisition system along with the telemetry data stream, and CRA patency is monitored. (**B**) The CRA first collapses momentarily at 30.7 mm Hg when IOP equals CRA BP, so CRA diastolic BP is 30.7 mm Hg. (**C**) The CRA fully collapses at 42.9 mm Hg when IOP equals CRA BP, so CRA systolic BP is 42.9 mm Hg. Adapted with permission from Markert et al.[@bib42]](iovs-61-6-7-f003){#fig3}

Data Filtering {#sec2-5}
--------------

Wireless telemetry occasionally experiences periods of signal loss or excessive noise. As in previous studies,[@bib39]^,^[@bib42]^,^[@bib47]^--^[@bib49] these artifacts were continuously quantified and eliminated from the data using fully automated post hoc filtering, and only hours in which at least 75% of the data were deemed reliable after noise and dropout filtering were used in the analysis. After obtaining all OPP data, averages of four 6-hour time blocks (0:00--6:00, 6:00--12:00, 12:00--18:00, and 18:00--24:00) were calculated for each day and each eye. Additionally, overall averages of the same four 6-hour time blocks were calculated across all days within each eye. The average OPP from each 6-hour time block on each day was subtracted from the average OPP of the corresponding 6-hour time block across all days to determine outliers. In each eye, OPP data from all individual days that exhibited differences greater than ±20 mm Hg in any 6-hour time from the overall mean OPP for that same 6-hour period were excluded.

Statistical Analysis {#sec2-6}
--------------------

Nested, linear mixed-effects models were used to assess the sources of variance in the OPP data as follows. The first model assessed NHPs (only unilateral data were used in this study) by day within eyes and by hour within eyes, within both the waking and sleeping periods. A second nested linear mixed-effects model assessed the difference in OPP between the Stellar and Konigsberg implant systems. Finally, a third nested linear mixed-effects model assessed the differences in OPP between the waking and sleeping periods within NHPs and overall across animals.

Results {#sec3}
=======

Mean OPP varied from ∼47 to 65 mm Hg among the NHPs, representing an 18-mm Hg (38%) difference between animals. Overall, OPP was 4.28 ± 0.07 mm Hg higher during waking hours than during sleeping hours (*P* \< 0.0001). However, the diurnal cycle of OPP differed between animals, as seen in [Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, which show the average hourly OPP across days by NHP and the average OPP for the sleeping and waking periods averaged across all days for each NHP, respectively. Note that OPP is higher during waking hours in eight of 12 NHPs but lower during waking hours in three NHPs; no difference was found between the sleeping and waking periods in one animal (NHP 12.38).

![Hourly averages of OPP for 12 eyes of 12 NHPs over a 24-hour time period calculated via continuous IOP and BP telemetry. Waking hours for the NHPs were 6 AM to 6 PM and are reflected as hours 7 to 18 above; *open circles* denote data acquired with the Konigsberg system, and *filled circles* denote data from the Stellar system. There was no significant difference in OPP between data collected with the Konigsberg system and data collected with the Stellar system (*P* = 0.10).](iovs-61-6-7-f004){#fig4}

![Boxplots comparing the distributions of mean OPP in the sleeping and waking periods by NHP. The central line in the box represents the mean OPP in each period, the box extents represent the central 50% of the data, bars represent the 95% confidence interval, and dots represent outliers. OPP was significantly different in the sleeping and waking periods in all NHPs (*P* \< 0.05) except 12.38, for which no sleep/wake difference was found.](iovs-61-6-7-f005){#fig5}

[Figure 6](#fig6){ref-type="fig"} shows the daily sleeping and waking period OPP averages within each NHP for each day in which data were collected and accepted. There is an obvious cyclic pattern in OPP in most animals, especially those with longer monitoring periods. The OPP distribution density plots for each NHP for the sleeping and waking periods are shown in [Figure 7](#fig7){ref-type="fig"}. Interestingly, some NHPs show a much wider range of OPP than others, indicating that their physiological OPP fluctuations are larger across time.

![OPP averages for each day within the monitoring period of each NHP. Each data point represents an average of 12 waking hours (6 AM to 6 PM, shown in *blue*) or 12 sleeping hours (6 PM to 6 AM, shown in *orange*). The hollow circles indicate the beginning of a new calibration period and are placed on the first day for which we had data after calibration.](iovs-61-6-7-f006){#fig6}

![The OPP distribution densities in the sleeping (*blue*) and waking (*red*) periods, plotted for each NHP.](iovs-61-6-7-f007){#fig7}

Mixed-effects models were used to assess the sources of variability in hourly OPP statistically. In the waking period, differences between NHPs accounted for 24% of the variability in OPP overall, while day-to-day and hourly variability within NHPs accounted for 60% and 16% of the variability in OPP, respectively. In the sleeping period, differences between NHPs accounted for 49% of the variability in OPP overall, and day-to-day and hourly variability within NHPs accounted for 44% and 7% of the variability in OPP, respectively. [Figure 6](#fig6){ref-type="fig"} shows the day-to-day variability best; it demonstrates that OPP varied greatly across days and that most of the NHPs exhibited periods of relatively high or low OPP that follow an unexplained ∼30-day cyclic pattern.

Discussion {#sec4}
==========

Wireless telemetry allows accurate characterization of rhythms and patterns in true, calibrated OPP over time in awake, behaving, unrestrained NHPs. In this study of 12 NHPs, OPP was significantly different across animals, with daily averages ranging from ∼47 to 65 mm Hg, representing a difference of 18 mm Hg (38%) among NHPs. A diurnal cycle characterized by low OPP during sleeping hours and higher OPP during waking hours, with values highest in the late afternoon, was found in eight of the 12 NHPs. Unexpectedly, three of the remaining four NHPs exhibited lower OPP during waking hours and higher OPP values during sleeping hours, and one NHP exhibited a relatively consistent OPP throughout the day, independent of waking or sleeping hours. Day-to-day variability in OPP represented the largest component of total OPP variability within animals, even larger than hourly or diurnal variability, and almost all NHPs exhibited periods of relatively low and high OPP that seemed to follow an unexplained ∼30-day cyclic pattern.

Despite the overarching similarities within the species, each animal exhibited unique OPP patterns of both diurnal cycle and average OPP over time, which is remarkably similar to findings reported in previous patient studies.[@bib34]^,^[@bib50]^,^[@bib51] Waking hours are characterized by increased ocular activity, specifically focused vision, blinks, and saccades, which demand greater ocular blood flow. The animals are much more active during waking hours as well, so we would expect higher systemic BPs during that period. Because the variability in arterial BP is much larger than the variability in IOP and therefore drives OPP variability, we expected that OPP would also be higher during waking hours, which it was for eight of the 12 NHPs studied. Three of the NHPs (13.171, 13.86, and 13.106) exhibited the opposite trend, with significantly higher OPP values during sleeping hours and lower OPP values during waking hours; one NHP (12.38) exhibited a fairly consistent OPP of ∼59 mm Hg, independent of waking or sleeping hours (*P* \< 0.05) ([Figs. 4](#fig4){ref-type="fig"}[^5^](#fig5){ref-type="fig"}[^6^](#fig6){ref-type="fig"}--[7](#fig7){ref-type="fig"}). Although there is no obvious explanation for these results, the trends seen in these four NHPs show that OPP is highly variable among animals; thus, even general assumptions about mean OPP levels may not be valid. Two prior patient studies showed similar variability in OPP and roughly similar proportions of patients in which OPP either was higher during the night compared to waking hours or showed no distinct diurnal pattern.[@bib34]^,^[@bib51] Hence, in spite of the fact that NHPs sleep upright, the observed variability in NHPs parallels similar differences in the human patient population, so NHP OPP studies can motivate and inform future studies in patients.

[Figure 6](#fig6){ref-type="fig"} shows the daily OPP averages for the sleeping and waking periods by NHP plotted over time, including days for which data were excluded (blank regions). An unexplained cyclic pattern in the OPP data is apparent, especially in those NHPs with long monitoring periods. We reported a cyclic pattern in both baseline and transient IOP fluctuations in a recent study,[@bib52] but these cyclic fluctuations in IOP were not correlated to known environmental or experimental conditions such as experimental schedule, cage cleaning/changing, seasonal pattern, holding room temperature or humidity, or human interactions. The ∼25- to 35-day cyclic pattern in OPP that is apparent in some animals is generally similar to the cyclic patterns we recently reported in baseline IOP and transient IOP fluctuations, wherein the strongest cyclic pattern in IOP occurred at an ∼30-day interval in most animals.[@bib52] It is important to note that the 10- to 25-mm Hg amplitude of cyclic OPP variation seen in [Figure 6](#fig6){ref-type="fig"} is much larger than the 2- to 6-mm Hg amplitude of cyclic IOP variation we reported previously.[@bib52] Hence, the cyclic pattern in OPP must be driven by arterial BP rather than IOP. It is possible that the cyclic patterns observed in both OPP and IOP may be related to similar physiological processes, which will be explored in future studies.

Also of note, our novel OPP calibration method compensates for differences in BP pulse pressure amplitude, for lower BP in the CRA versus larger remote arteries, and for pressure transducer error and drift over time. As expected, [Figures 4](#fig4){ref-type="fig"} to [7](#fig7){ref-type="fig"} show that the Konigsberg and Stellar telemetry systems yielded similar results, despite the Konigsberg system using aortic BP sensors and Stellar using either femoral or carotid artery BP sensors. In addition, statistical modeling confirms that variance due to telemetry system type is insignificant (*P* = 0.10), as system type represents only 0.013% and 5.2% of the total OPP variance during the waking and sleeping periods, respectively. Hence, neither system type nor location of arterial BP monitoring is likely to be a source of bias in this study.

This study is limited by the following considerations. First, data from NHPs may not translate directly to human patients, as NHPs are significantly smaller than the average human and sleep sitting up rather than in the supine position, which affects the diurnal cycle of both IOP and BP. Second, although the sample size of 12 animals is relatively large for an NHP study, it is small compared to most patient studies and hence may not adequately represent the population. However, the large differences in average OPP and distinct diurnal cycles reported herein are likely to translate to the wider population of NHPs and are similar to human patient variability,[@bib34]^,^[@bib51] so Rhesus macaques can serve as a model to evaluate the effects of OPP variability in ocular diseases such as glaucoma to the extent that they serve as a good model of the disease itself. Third, although the results of this study are distinctive in the continuous nature of IOP, BP, and OPP data collection, the NHPs were not in a completely controlled, natural, or stress-free environment, which may have altered results compared to NHPs in a wild environment; however, the NHPs were housed in the same room and treated similarly throughout the study, so the individual OPP variations reported should be valid. Fourth, the moments of vessel flutter and collapse used in OPP calibration were manually identified by human observers. Observers are trained to identify the two frames within the captured infrared ONH video of momentary and full CRA collapse and to report the exact IOP (to 0.1-mm Hg precision) measured by the telemetry system IOP transducer at that instant. The exact timing of the CRA collapse can be difficult to identify, but the errors in OPP calibration will be minimal due to the slow rate of IOP elevation imposed during the calibration procedure ([Fig. 2](#fig2){ref-type="fig"}). Also, calibrations were checked by multiple observers (KIW, JVJ, and JCD), so the likelihood of systemic human error that would bias the reported results is low. Due to the frequency of OPP calibration sessions and the relatively large magnitude of OPP (∼47 to 65 mm Hg), accuracy less than 1 mm Hg should not be detrimental to the analysis or bias the results in any way.

Finally, it is possible that the method of data filtering for outliers resulted in exclusion of real data. Data were filtered by flagging and removing any days wherein average OPP in at least one of four 6-hour time periods (0:00--6:00, 6:00--12:00, 12:00--18:00, 18:00--24:00) was greater than 20 mm Hg above or below the overall average for that same 6-hour period across all days. This level for exclusion was chosen arbitrarily, although it is reasonable given the variability in the data ([Fig. 6](#fig6){ref-type="fig"}) and the possibility that averages greater than 20 mm Hg different from the mean value were affected by outside factors such as cage changes that do not represent normal NHP physiological conditions. Although this was an arbitrary decision, it is highly unlikely that excessive filtering affected the results and analysis, as trends within the OPP data were consistent across calibration periods in all NHPs, and the number of days excluded were generally small (average of 4% exclusion) compared to the number of days of data reported (noted in the [Table](#tbl1){ref-type="table"} and as gaps in the data shown in [Fig. 6](#fig6){ref-type="fig"}).

In conclusion, OPP differs significantly across NHPs, and a diurnal cycle characterized by significantly lower OPP during sleep and higher OPP during waking was present in eight of the 12 NHPs; surprisingly, the opposite pattern was observed in three NHPs. Further work must be done to understand the presence and prevalence of a diurnal cycle of OPP, how it is intertwined with BP and IOP fluctuations, and how this rhythm ultimately influences both ocular physiology and disease. Results show that OPP differences among animals are both large and change over time, which may put the NHPs with periods of low OPP at risk for ischemic damage at lower IOP levels. Finally, we expected OPP to remain relatively stable over time within individuals, but day-to-day variability was the largest source of OPP variability, even larger than the difference among individuals. This result strongly suggests that infrequent snapshot measurements of either IOP or BP are insufficient to capture true IOP, BP, and OPP and their fluctuations.
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